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ABSTRACT

Previous studies have neglected to distinguish between a central pressure deficit due to a tornado itself

and due to a parent mesocyclone in which the tornado is embedded. To obtain improved understanding

of the influences of larger-scale vortex variability on smaller-scale tornado pressure deficits, a parametric

tangential wind model supplemented with a cyclostrophic speed equation was used to explore the role

that the variability plays in influencing radial pressure deficits by deducing radial pressure deficit dis-

tributions from radial profiles of hypothetically superpositioned, dual-maxima tangential velocities in

the free atmosphere, where a dominant swirling flow was in approximate cyclostrophic balance. The

cyclostrophic approximation was partitioned into two separate components, allowing one to scrutinize

and determine which of the concentric vortices contributes most significantly to the tornado pressure

minima. The model parametrically constructed a smaller-scale, stronger vortex (rapidly swirling flow)

that was centered within a larger-scale, weaker vortex (slowly swirling flow) to represent a tornado

centered within a supercell, low-level, parent mesocyclone above a tornado boundary layer. The radial

pressure deficit fluctuations were varied by changing one of five key velocity-controlling parameters

assigned to one vortex to represent a variety of vortex strengths. Based on eight experiments, the larger-

scale, weaker (smaller scale, stronger) vortex contributed less (more) to the total pressure deficit

than the smaller-scale, stronger (larger scale, weaker) vortex. The stronger vortex centered within the

larger-scale, weaker vortex has a larger central pressure minimum than it does in the absence of the

larger-scale vortex.

1. Introduction

There have been numerous documented cases of

quasi-concentric multiple wind field maxima in a va-

riety of vortex configurations observed at finescale

(i.e., with horizontal data spacing 100m or less) with

mobile Doppler radars. Figure 1 illustrates an out-

standing example of prominent triple-maxima Doppler

azimuthal wind and reflectivity fields collected by

the Doppler-on-Wheels (DOW; Wurman et al. 1997)

radar during VORTEX 95 (Rasmussen et al. 1994).

The triple-maxima rotational couplets in the Doppler

velocity signatures of vortex circulations of different

scales were distinguished by three inbound (negative

value toward the radar) and three outbound (positive

value away from the radar) Doppler velocity peaks

located at different radii from the signature centers.

There was evidence of smaller areas of strong rotation

(black circle) with spatial scales of a few hundred

meters surrounded by the vortex signature of a

medium-sized rotational velocity couplet (blue circle),

which in turn was embedded in a larger background,

convergent velocity couplet (white curves). Mean
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rotational velocity maxima of the smaller-, medium-,

and larger-scale rotational couplets, respectively, were

49, 41, and 31m s21 (Fig. 2). The estimated diameters

of the couplets, respectively, were 185, 1438, and

2316m (separated by the black, white, and gray ar-

rows) at a constant range of 4 km from theDOW radar.

Many other examples of concentric tangential wind

maxima in various vortex circulations were provided in

Marquis et al. (2008), Wurman and Kosiba (2013),

Wurman et al. (2014), and Wakimoto et al. (2015),

among others, which revealed Doppler velocity signa-

tures of vortex circulations of different scales. To the

best of the authors’ knowledge, there have been no

documented cases of more than three concentric tan-

gential wind maxima in vortices on a spatial scale of

10 km or less.

Atmospheric vortices with dual-maximum tangential

winds have been revealed in high-resolution numerical

simulations of a near-surface tornado-like vortex cen-

tered within a larger-scale background vortex aloft

(Wicker and Wilhelmson 1993; Lewellen et al. 2000;

Lewellen and Lewellen 2007; Davies-Jones 2008;

Lewellen 2014). Lewellen et al. (2000) and Lewellen

and Lewellen (2007) noted that vortex surface pressure

and wind distributions depended on both the structure

of the vortex aloft and the detailed structure of the

corner flow region. Additionally, they observed that

double-pressure minima responded to the dual-maxima

tangential velocities at some low altitudes.

As of this writing, no feasible means exists to obtain

pressure measurements within the core flow region of a

tornado above the boundary layer (i.e., where the ef-

fects of surface friction become vanishingly small).

However, many studies have been published in which

in situ probes made near-ground pressure and wind

measurements within close range of an intercepted

tornado (Bluestein 1983; Winn et al. 1999; Markowski

et al. 2002; Lee et al. 2004; Samaras and Lee 2004;

Wurman and Samaras 2004; Blair et al. 2008; Kato

et al. 2015). It is unclear in these cases whether re-

searchers using the probe measurements recognize

whether the measurements result from the tornado

itself or from the tornado being embedded in the su-

percell, low-level mesocyclone. Karstens et al. (2010)

documented recorded pressure deficits in the pressure

time series plots, thereby yielding some clues on how

tornado pressure drops varied with time. On the basis

of seven of their nine documented cases, the inter-

cepted tornado occurred within the region of the

radar-indicated or visually identified mesocyclone.

Augmented with videography and eyewitness ac-

counts, Karstens et al. attempted to surmise vortex

structure ranging from low-swirl single-celled vortices

through medium-swirl two-celled vortices to high

FIG. 1. DOW scans of (a) storm-relative Doppler velocity (m s21) and (b) reflectivity (dBZ) of theWheeler, TX,

tornado at 0027:45 UTC 9 Jun 1995 during VORTEX 95. (a) Positive (negative) Doppler velocities represent flow

away from (toward) the radar. The zero Doppler velocity band represents flow perpendicular to the radar viewing

direction. The tornado center (black circle) was located 4.05 km from the radar. At an elevation angle of 1.08, the
beam altitude at this range was 71m AGL. The black, dashed range rings are marked every 1 km, with dashed

spokes provided every 308 in azimuth. The black and blue circles, respectively, represent the approximate vortex

sizes of the smaller- and medium-scale vortex circulations. The white curves outside the blue circle denote a pos-

sibleDoppler velocity couplet of a larger scale but weak vortex circulation pattern.Doppler velocity and reflectivity

scales are indicated at the bottom. Storm motion is 9m s21 from 1698. (Radar image courtesy of J. Wurman of the

Center for Severe Weather Research.)
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swirl-ratio two-celled multiple vortex tornadoes by

scrutinizing and interpreting the shape profiles of

recorded pressure drops. Nevertheless, it is not possi-

ble to untangle the exact contributions of the mea-

surements from the vortices of different scales. It is

our belief that the current generation of in situ

probes simply lacks the spatiotemporal resolution

for researchers to effectively decouple the pressure

deficit contribution of the mesocyclone from that of

the tornado.

Since the relative contribution of a parent meso-

cyclone to the low pressure at the center of a tornado

is not well understood, a couple of questions are

raised:

d How do varying radial profiles of dual-maxima tan-

gential velocities of the mesocyclone and tornado

affect the total radial pressure profiles?
d How much does the mesocyclone surrounding the

tornado contribute to a central pressure minimum?

The objective of this study is to answer the above

questions by investigating and evaluating the significant

perturbation pressure (hereafter, perturbation pres-

sure is referred to as pressure) fluctuations deduced

from radial profiles of theoretically superpositioned,

dual-maxima tangential velocities. Section 2 presents a

brief description of multiple concentric vortex struc-

tures. A cyclostrophic wind balance for a single vortex is

presented in section 3. Section 4 defines a new cyclo-

strophic schematization for dual concentric vortices.

The cyclostrophic speed equation is partitioned into

two separate components of pressure deficit and radial

pressure gradient force that correspond to the varying

dual-maxima tangential wind profiles in order to

quantitatively evaluate the significant fluctuations in

central pressure deficits as well as radial pressure gra-

dient forces. In section 5, the parametric tangential

wind profile model of Wood andWhite (2013, hereafter

WW13) is used to parametrically construct and super-

position two different radial profiles of tangential ve-

locities at a given height level to represent a tornado

centered within a supercell, low-level parent mesocy-

clone above the tornado boundary layer. We restrict

our attention to the profiles in the outer-flow region

where a main swirling flow is in cyclostrophic balance

(Snow 1982; Davies-Jones 1986; Bluestein 2013;

Bluestein et al. 2014). In other words, surface friction

effects are beyond the scope of this study. A main rea-

son for this restricted focus is the lack of a two-

dimensional, parametric model that may be used for

studying flow in the tornado boundary layer. Eventu-

ally, we hope to develop such amodel toward which this

study serves as an initial step. Section 6 presents ex-

perimental results in which representative pressure

deficit and radial pressure gradient force profiles are

deduced from a hypothetical superposition of varying,

dual-maxima tangential velocity profiles in association

with a rapidly and slowly rotating columns of swirling

flow. A summary and discussion are presented in

section 7.

2. Multiple concentric vortex structure

As mentioned in the introduction, the triple concen-

tric vortex structure may be considered to be a triple

vortex composed of the first, second, and third individ-

ual vortex configurations. The hypothesis of a triple-

vortex composite in the tangential velocity profiles

enables the description of complex tangential velocity

distributions. More precise and comprehensive in-

terpretations are possible if we isolate the primary tan-

gential wind profile (Vp) from the secondary (Vs) and

tertiary (Vt) tangential velocity profiles (e.g., Wood et al.

2013). The total tangential wind (VT) profile for axi-

symmetric flow may be partitioned into the Vp, Vs, and

FIG. 2. Azimuthal profile of storm-relative Doppler velocities

across the smaller-, medium-, and larger-scale vortex signa-

tures approximately centered at 4 km from the DOW radar at

0027:45 UTC 9 Jun 1995 during VORTEX 95. The dotted curve

represents the azimuthal profile of data points. The black and

white arrows denote Doppler velocity signatures of smaller-

and medium-scale vortex circulations, respectively, as shown in

Fig. 1a. The gray arrow indicates the Doppler velocity signatures

of a possible larger-scale vortex circulation pattern. At an elevation

angle of 1.08, the beam altitude at this range was 71m AGL. (Based

on Doppler velocity data provided by J. Wurman of the Center for

Severe Weather Research.)
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Vt velocity components defined in a cylindrical co-

ordinate system:

V
T
(r)5V

p
(r)1V

s
(r)1V

t
(r) , (1)

where r is the radius of a circular path. Each tangential

velocity profile employs key parameters that define

different segments encompassing the velocity profile:

maximum tangential velocity, vortex radius at which

the maximum occurs, and shape parameters that con-

trol different parts of the profile (e.g., broadly versus

sharply peaked, changes in the inner and outer pro-

files), as will be described in section 5. In Eq. (1), the

vortices are ordered by the maximum tangential wind,

regardless of vortex size. In this study, at least two

analytical vortices are used, including two different-

sized vortices, each of which had two different maxi-

mum tangential velocities assigned to it to represent a

variety of vortex strengths. For example, a primary

(secondary) vortex represents a stronger (weaker)

vortex that is a rapidly (slowly) rotating column of

swirling flow.

3. Cyclostrophic speed equation for a single vortex

A simple Rankine1 (1882) vortex model supple-

mented with the cyclostrophic approximation has been

widely used by numerous investigators to provide a

diagnostic tool for analyzing and interpreting the ob-

served tangential wind and deduced pressure structures

in such convective vortices as dust devils (Sinclair

1973), waterspouts (Leverson et al. 1977), tornadoes

(Hoecker 1961 among others), and misocyclones

(Inoue et al. 2011). Rennó et al. (1998) and Rennó and

Bluestein (2001) used the cyclostrophic speed equation

to develop a simple thermodynamical theory for dust

devils and waterspouts. Compared to the Rankine

vortex, the parametrically constructed non-Rankine2

vortices have a larger central pressure deficit (Wood

and White 2013).

For an axisymmetric vortex in a steady-state, inviscid,

and incompressible fluid, tangential velocity sufficiently

dominates radial velocity so that there is a cyclostrophic

balance between a radially inward-directed pressure

gradient force and a radially outward-directed centrif-

ugal force in the outer-flow region (Snow 1982; Davies-

Jones 1986; Bluestein 2013; Bluestein et al. 2014). The

cyclostrophic approximation is given by

1

r

›P

›r
5
V2

C(r)

r
, (2)

where VC(r) is the cyclostrophic (tangential) wind

speed as a function of radius r from a circulation center

to a circular path, P is pressure with respect to the

motionless base state at radial infinity, and r is air

density, which is assumed to be constant. According to

Davies-Jones (1986), given an idealized Rankine

(1882) velocity distribution, the largest radial pressure

gradient force,

1

r

�
›P

›r

�
max

5
V 2

x

R
x

, (3)

is located at r5Rx, where Rx is the core radius at

which the Rankine vortex’s tangential velocity peak

(Vx) occurs.

A pressure deficit DP5P(r)2PE is obtained by in-

tegrating Eq. (2) radially inward from an environmental

pressure PE[5P(r/‘)] at which the Rankine tangen-

tial wind decreases asymptotically to zero infinitely far

from the vortex center. Thus, the minimum pressure

deficit found at the vortex center (r5 0) is

1

r
(DP)

min
52V2

x . (4)

In Eq. (3) or (4), knowledge of either the maximum

Rankine tangential velocity or central pressure deficit

above a tornado boundary layer allows the other one

to be crudely estimated (e.g., Wakimoto and Wilson

1989; Tanamachi et al. 2013). The utility of Eq. (3) or

(4), however, is limited, because the equations are

applied to only a single Rankine vortex without being

embedded in a larger-scale, background vortex.

Equation (2) can be valid for arbitrary radial profiles

that can portray either single or multiple windmaxima.

A new cyclostrophic schematization for dual concen-

tric vortices may be possible, as will be discussed in

detail in the next section.

4. New cyclostrophic schematization for dual
concentric vortices

Weassume that dual concentric, convective vortices are

in quasi-steady state and approximately in cyclostrophic

balance above the tornado boundary layer so that we

1 The Rankine vortex consists of a core of solid-body rotation

surrounded by an outer region of potential flow, where the tan-

gential wind is inversely proportional to the distance from the

center of circulation.
2 In contrast to the Rankine vortex, the ‘‘non-Rankine vortex’’

may be defined as a viscous vortex that exhibits a smooth transition

between solid-body rotation and potential flow, which encom-

passes the annular zone of the velocity maximum, resembling the

Burgers–Rott (Burgers 1948; Rott 1958) tangential velocity profile.
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need to examine only the cylindrical form of the

cyclostrophic wind equation in azimuthal mean and

integral form. This allows us to seek the factors that

determine the central pressure deficit in the concentric,

axisymmetric vortices of different scales. In this paper,

we do not discuss the mechanisms by which the vortices

are formed. Instead, we focus on the effects of the

shape and distribution of the primary and secondary

vortex tangential velocity profiles on tornado pres-

sure minima. To better understand which vortex sig-

nificantly contributes to the total pressure deficit,

we ignore the Vt(r) term on the right-hand side in

Eq. (1), replace VC(r) by VT(r), take the square

of VC(r) 5VT(r) 5Vp(r)1Vs(r), and substitute the

product into Eq. (2). Thus, the total radial pressure

gradient force (RPGFT) due to two concentric vortices

may be expressed as the sum of three centrifugal force

components:

RPGF
T
[

1

r

›P
T

›r
5

V 2
p (r)

r
1

2V
p
(r)V

s
(r)

r
1

V2
s (r)

r
. (5)

Physically, the term on the left-hand side of Eq. (5)

represents the total acceleration due to the total radi-

ally inward-directed pressure gradient force that

counterbalances with three radially outward-directed

centrifugal force components associated with two

concentric vortex fields. The first and third terms on the

right-hand side, respectively, represent the primary

centrifugal acceleration, denoted byV2
p(r)/r, because of

the primary vortex’s tangential motion and the sec-

ondary centrifugal acceleration, denoted by V2
s (r)/r,

because of the tangential motion of the secondary

vortex. Comparing the first and third terms with the

second term, we see that the 2Vp(r)Vs(r)/r term be-

haves just like the centrifugal acceleration and may be

interpreted as the ‘‘cross’’ centrifugal acceleration

term influenced by the product of two different tan-

gential velocity profiles between the primary and sec-

ondary vortex fields. The magnitudes of three

individual centrifugal force terms on the right-hand

side of Eq. (5) will be assessed and compared in

section 6.

By integrating Eq. (5) radially inward from the envi-

ronmental pressure, the total pressure deficit (PDT) due

to two concentric vortices yield

PD
T
[ r21DP

T
5

ðr
‘

"
V2

p(t)

t
1

2V
p
(t)V

s
(t)

t
1

V2
s (t)

t

#
dt ,

(6)

where t is a dummy variable for the integration. Note

that we use r; 1 kgm23 for the sake of simplicity.

Since the relative contribution of a parent meso-

cyclone to the low pressure at the center of a tornado

has never been addressed, we propose to decompose

Eqs. (5) and (6) in each component of RPGF and

PD that both correspond to the primary (p) and sec-

ondary (s) tangential velocity profiles. They may be

expressed as

RPGF
p
[

1

r

›P
p

›r
5

V2
p(r)

r
1

V
p
(r)V

s
(r)

r
, (7a)

RPGF
s
[

1

r

›P
s

›r
5

V2
s (r)

r
1

V
s
(r)V

p
(r)

r
, (7b)

PD
p
[ r21DP

p
5

ðr
‘

"
V2

p(t)

t
1

V
p
(t)V

s
(t)

t

#
dt, (7c)

and

PD
s
[ r21DP

s
5

ðr
‘

"
V2

s (t)

t
1
V
s
(t)V

p
(t)

t

#
dt. (7d)

Equations (7) will be used to calculate, plot, and com-

pare radial profiles of RPGF and PD that slice across

two concentric, axisymmetric (primary and secondary)

vortices far enough aloft in a quasi-steady flow, wher-

ever the swirl velocity is clearly dominant. This will be

discussed in section 6.

5. A parametric tangential wind model

In this study, we chose a parametric tangential wind

model of WW13, not only because of its utility and

simplicity but because the one-dimensional model is

valid above the tornado boundary layer, where the main

swirling flow is not in cyclostrophic balance (Snow 1982;

Davies-Jones 1986; Bluestein 2013; Bluestein et al.

2014). The model can be useful for parametrically con-

structing varying tangential velocities for different ap-

plications. Wood and Brown (2011) have shown utility

in creating different parametric tangential wind profiles

to investigate how the simulated Doppler tornadic

vortex signatures might change as the simulated radar

scanned azimuthally across the tornado structure con-

sisting of one or two cells. For tropical cyclone appli-

cations, Wood et al. (2013) tailored the WW13 model

to depict representative surface pressure profiles de-

duced from single-, dual-, and triple-maximum concen-

tric-eyewall wind profiles associated with the primary

(inner), secondary (first outer), and tertiary (second

outer) complete rings of enhanced radar reflectivity.

Kato et al. (2015) used mean anemometer data of a
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near-surface, winter tornadic vortex to compare radial

profiles of observed tangential winds to those of the

Rankine, Burgers–Rott, and WW13 models.

a. Parametric vortex with a single-maximum
tangential velocity profile

The WW13 profile for inviscid, axisymmetric tan-

gential flow is expressed by

V(r;m)5V
x
f(r;m

i
,m

o
,l), b[ r/R

x
, 0# r#‘, (8a)

where

f(r;m
i
,m

o
,l) 5

(m
i
2m

o
)lbmi

[m
i
b(mi2mo)/l2m

o
]l
,

m
i
$ 1, m

o
, 0, l. 0. (8b)

Here, Vx is the maximum tangential velocity that

occurs at the vortex radius Rx, r is the radius from the

vortex center, and b is the dimensionless vortex ra-

dius. Furthermore, f is the dimensionless function

that employs a model vector of three shape parame-

ters: m5 (mi,mo,l)
T. The parameters shape different

segments of the velocity profile. By definition, mi

predominantly dictates the inner (subscript i) segment

of tangential velocity near the vortex center (e.g., one-

or two-celled structure), mo primarily governs the

outer (subscript o) segment beyond Rx (e.g., decay),

and l controls the radial width of the velocity segment

straddling the velocity maximum (e.g., sharply or

broadly peaked).

WW13 demonstrated that the non-Rankine vortex’s

tangential velocity profiles coincide with the inner and

outer profiles of the Rankine tangential velocity (VR)

by taking the limit of Eq. (8) as l/ 0, regardless of

the variablesmi andmo. For an idealizedRankine vortex,

we set mi 51 and mo 521 so that the tangential velocity

profile is given by

V
R
(r)5

(
V

Rx
b
mi

R 5V
Rx
b
R
, b

R
# 1,

V
Rx
b
mo

R 5V
Rx
b21
R , b

R
$ 1,

(9)

where bR [ r/RRx
is the normalized core radius and the

subscript R represents Rankine. The definitions of mi

andmo for the non-Rankine vortex are the same as those

for the Rankine vortex. The radial distribution of the

single Rankine vortex’s pressure deficit (PDR), via

Eq. (9), is obtained by integrating Eq. (2) radially inward

from the environmental pressure and is given by

PD
R
5 r21DP

R
(r)[

8>>>>><
>>>>>:

V2
Rx

 
b
2mi

R

2m
i

1
m
i
2m

o

2m
i
m
o

!
5V2

Rx

�
b2
R

2
2 1

�
, b

R
# 1,

V2
Rx

b
2mo

R

2m
o

52
V2

Rx

2b2
R

� b
R
$ 1,

(10)

The axial pressure deficit of the Rankine vortex is given

by r21DPR(r)52V2
Rx
. Both Eqs. (9) and (10) will be

used to calculate and plot radial profiles of the Rankine

vortex’s single-maximum tangential velocity and de-

duced pressure deficit for comparing to those of the

dual-maxima tangential velocity and inferred pressure

deficit. The results will be presented in section 6.

b. Parametric vortices with dual-maxima tangential
velocity profiles

In Eqs. (1)–(7), theVp(r) andVs(r) tangential velocity

profiles each can be parametrically constructed, via

Eq. (8), and are expressed by

V
p
(r)5V

px

(m
pi
2m

po
)lpb

mpi
p

m
pi
b
(mpi2mpo)/lp
p 2m

po

h ilp , b
p
[ r/R

px
, 0# r#‘,

(11a)

and

V
s
(r)5V

sx

(m
si
2m

so
)lsb

msi
s

m
si
b
(msi2mso)/ls
s 2m

so

h ils , b
s
[ r/R

sx
, 0# r#‘,

(11b)

provided that Vsx ,Vpx. Each single-maximum tangen-

tial wind profile must be approximated by continuous,

nonzero mathematical functions that are zero (i.e.,

m 6¼ 0) at a vortex center, increase to its vortex radius

(Rx) at which a single-maximum tangential velocity (Vx)

occurs, and decrease to zero asymptotically at radial

infinity, with different functions shaping different por-

tions of the velocity profile. When two profiles of Vp(r)

and Vs(r) are added, a new (total) profile having a dual-

maxima tangential wind structure is obtained. The su-

perposition of two profiles is much easier to work with

than one dual-maxima tangential wind profile that may
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be difficult to formulate, because the latter profile must

be estimated by continuous functions that shape differ-

ent segments encompassing the first and second wind-

maximum wind profile.

6. Comparative results

This section uses Eq. (11) to construct and super-

position two different radial profiles of the tangential

winds aloft in the outer-flow region. To provide what

each input parameter may be able to deduce about the

primary and secondary tangential wind and deduced

pressure deficit structures, Table 1 lists the selected

input parameter values for creating each Rankine

tangential wind profile for the primary and secondary

circulations in eight experiments. In each experiment

(except for experiment A), we perform comparative

cases by varying one parameter (boldface number)

while keeping other parameters unchanged in the ra-

dial distributions of the tangential velocities. Since

these parameters are not known in reality, the input

parameters for this and other simulations are purely

subjective in order to keep the one-dimensional

Rankine and non-Rankine models and a mathemati-

cal analysis as simple as possible for the sake of in-

terpretation. In all experiments, the constant mi values

of 1.0 concur with the findings of Wurman and Gill

(2000), Wurman (2002), Wurman and Alexander

(2005), Kosiba et al. (2014), and Kato et al. (2015),

wherein the Rankine tangential winds approximated

the inner cores of solid-body rotation (i.e., V } rmi ,

where mi ; 1)—in some cases to the inner radial pro-

files of Doppler velocities. Our approach presented

here was similar to that of Knaff et al. (2011) and

Wood et al. (2013), who investigated the influences

of fine-tuning the different parameters on their dif-

ferent models of tropical cyclone intensity, strength,

and size that can impact a tropical cyclone’s central

pressure minima.

a. Experiment A

A simple experiment A is presented in Fig. 3,

wherein a smaller-scale, primary vortex representing a

tornado is located at the center of a larger-scale, sec-

ondary vortex representing a supercell mesocyclone in

the outer-flow region. The radial profiles of Rankine

tangential velocity, deduced pressure deficit, and radial

pressure gradient force associated with the primary and

secondary Rankine vortices are constructed from the

selected parameters given in Table 1, via Eqs. (5)–(11),

and are plotted in Fig. 3. To represent some of the

variety found in nature, we assume a strong tornado

characteristic of its maximum tangential velocity

(Vpx 5VRx
) of 100m s21 at its vortex radius (Rpx 5RRx

)

of 200m (red curve). Using Eq. (10), the central pres-

sure deficit deduced from the Rankine tangential ve-

locity profile alone is 2100 hPa (gray curve), in this

experiment and subsequent experiments (except for

experiment H) for comparison. At the same time, a

supercell mesocyclone (blue curve) has its vortex ra-

dius (Rsx) of 2000m, where its maximum tangential

velocity (Vsx) of 25m s21 occurs. When the profiles of

Vp and Vs are superposed, the ‘‘observed’’ (total)

profile of VT (black curve) is produced. The co-

existence of the concentric, primary, and secondary

vortices yields a dual tangential wind maxima and a

saddle-shaped wind minimum (black curve) and also

results in the ‘‘observed’’ (total) deduced pressure

minimum (black curve of PDT 5PDp 1PDs in Fig. 3b).

This minimum is greater than the single Rankine’s cen-

tral pressure deficit of PDR of 2100hPa, because the

combined primary and secondary vortices, respectively,

contribute PDp 5 2108hPa and PDs 5 215hPa to the

PDT value of 2123hPa (Table 2). The more (less) sig-

nificant contribution is from the primary (secondary)

vortex, accounting for 88% (12%) of PDT . It is suggested

that the ‘‘observed’’ central pressure minimum (black

curve) due to the tornado alone may be overestimated,

TABLE 1. Profile parameters that produced the radial profiles of the primary (p) and secondary (s) tangential velocities (m s21) for eight

experiments (A–H). The units of vortex radii (Rpx and Rsx) are km; the shape parameters of mi, mo, and l are dimensionless. Note that

boldface numbers with a horizontal arrow represent a change in parameter value in each experiment, except for experiment A.

Primary vortex Secondary vortex

Expt Vpx Rpx mpi mpo lp Vsx Rsx msi mso ls

A 100 0.2 1 21 1022 25 2 1 21 1022

B 100 0.2 1 21 1022 25 / 50 2 1 21 1022

C 100 0.2 1 21 1022 50 2 / 1 1 21 1022

D 100 0.2 / 0.1 1 21 1022 50 2 / 1 1 21 1022

E 100 0.2 1 21 1022 50 2 1 21 / 20.2 1022

F 100 0.2 1 21 1022 50 2 1 21 1022 / 0.5

G 100 0.2 1 21 1022 / 1 50 2 1 21 1022

H 35 2 1 21 1022 20 / 30 0.1 1 21 1022
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compared to the single Rankine’s central pressure deficit

(gray curve). This is owing to the fact that the secondary

vortex may have an impact on the behavior of the total

pressure deficit, even if the primary and secondary vor-

tices’ wind and deduced pressure deficit structures remain

unchanged. If the secondary vortex were nonexistent

(i.e., Vs 5 0), the contribution of the primary vortex’s

maximum tangential velocity to the central pressure

deficit would have been 100% (gray curve), as expected.

We explore the role of the centrifugal force compo-

nents in Eqs. (7a) and (7b) in the physical behavior of

the radial pressure gradient force components in

the primary and secondary vortices. The individual

centrifugal acceleration components corresponding to

the solid curves of Vp (red), Vs (blue), and VT (black)

are presented in Fig. 3c. The radial profiles of

RPGFp(5V2
p/r1VpVs/r), RPGFs(5V2

s /r1VpVs/r), and

‘‘observed’’ (total) RPGFT(5V2
p/r1 2VpVs/r1V2

s /r),

respectively, are indicated by the red, blue, and black

curves. When the red and blue curves intersect at ap-

proximately r5 1.27 km, a vertical (middle) dashed line

may separate the primary and secondary vortices. To the

left of the line, the primary radial pressure gradient force

(RPGFp) dominates the secondary radial pressure gra-

dient force (RPGFs), because the primary centrifugal

force (V2
p/r) closer to the circulation axis is always

stronger than the secondary one (V2
s /r) far away from

the axis as both the forces vary inversely proportional to

the radius (1/r) from the axis. At the same time, the

RPGFs dominates the RPGFp to the right of the line.

Beyond Rpx and Rsx, the radial distributions of RPGFp

and RPGFs, respectively, decrease asymptotically to

zero at radial infinity. If the secondary vortex were ab-

sent (i.e., Vs 5 0), the VpVs/r term would have vanished

so that the primary centrifugal force would have been

reduced to only a single Rankine vortex’s centrifugal

force (gray, dashed curve in Fig. 3c).

The magnitudes of three individual centrifugal force

terms of V2
p/r, VpVs/r, and V2

s /r may be assessed and

compared by setting Vp 5Vpx at r5Rpx and also

Vs 5Vsx at r5Rsx. The results are given in Table 3. Note

that the largest VpVs/r term at r5Rpx (indicated by a

left, vertical dashed line in Fig. 3c) is always less than the

largest V2
p/r term but greater than the largest V2

s /r term.

Conversely, the largest VpVs/r term at r5Rsx (also in-

dicated by a right, vertical dashed line) is always greater

than the largest V2
p/r term but less than the largest V2

s /r

term. Furthermore, the contribution of V2
p/r to the cen-

tral pressure deficit is much greater (less) than that of

V2
s /r at r5Rpx (Rsx), becauseVpx .Vsx and also because

both primary and secondary centrifugal forces vary in-

versely proportional to the radius from the circulation

center. At the same time, the contribution of the largest

FIG. 3. Radial distributions of (a) primary (Vp, red curve),

secondary (Vs, blue curve), and total (VT , black curve) Rankine

tangential wind speeds (m s21); (b) single Rankine (PDR, gray

curve), primary (PDp, red curve), secondary (PDs, blue curve),

and total (PDT , black curve) pressure deficits (hPa); and

(c) primary (RPGFp, red solid curve), secondary (RPGFs, blue

solid curve), and total (RPGFT , black solid curve) radial pres-

sure gradient forces (m s22) corresponding to the primary and

secondary centrifugal forces as a function of radius (r, km) from

the axis of rotation for experiment A. In (c), the gray and green

dashed curves represent the primary (V2
p /r) and secondary (V2

s /r)

centrifugal forces, respectively. The purple dashed curve rep-

resents the enhanced (VpVs/r) centrifugal force. The left, middle,

and right vertical dashed lines are described in the text.
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VpVs/r term at r5Rpx to the central pressure deficit is

greater than that at r5Rsx. It is suggested that the me-

socyclone’s largest centrifugal force (V2
s /r) atRsx may be

too small to influence the tornado vortex structure, even

though the tornado’s wind and pressure structures re-

main largely unchanged.

b. Experiment B

What would happen to a central pressure minimum if

the mesocyclone experiences increasing intensity from

its maximum tangential wind speed of 25–50m s21

(magenta, upward-pointing arrow in Fig. 4a)? As ex-

pected, an increase in Vsx (Table 1) is strongly corre-

lated with vortex intensity and a large central pressure

minimum when other free model parameters for de-

picting the primary and secondary tangential velocity

profiles are held constant for experiment B. The central

pressure minimum associated with the primary vortex

falls from2108 to2117 hPa, even though the tornado’s

wind structure does not change at all. At the same time,

the central pressure minimum associated with the sec-

ondary vortex drops from 215 to 241 hPa. While the

red (solid) PDp curve does not change appreciably

(Fig. 4b) and is closely parallel to the gray PDR curve,

the blue, solid PDs curve falls significantly, because an

increase inVsx contributes241 hPa to a large minimum

of PDT 52158 hPa (black, solid curve) at the vortex

center. Table 2 quantifies the relative contributions of

the primary and secondary vortices to the total central

pressure deficits and also the differences in the central

pressure deficits and percentages when the change in

parameter values occurs for this experiment. For in-

stance, the contribution of the increase in Vsx to the

central PDT increased from 12% to 26%, while, at the

same time, the increase in Vsx reduced PDT from 2123

to 2158 hPa by 35 hPa. Even though the primary tor-

nado wind (red curve in Fig. 4a) and pressure (gray

curve in Fig. 4b) structures do not change, the contri-

bution of the increase in Vsx to the central PDp de-

creased from 88% to 74% (from 2108 to 2117 hPa).

This is because the inner profile of Vs, shown by the

second term on the right-hand side of Eq. (7a), in-

fluences the inner profile of VpVs/r.

As the mesocyclone’s maximum tangential wind speed

is increased, the vertical dashed line separating the region

where RPGFp is dominant from the dominant region of

RPGFs is shifted toward the vortex center (Fig. 4c). The

shift corresponds to increased centrifugal forces in asso-

ciation with the intensifying secondary vortex, as a com-

parison between Figs. 3c and 4c illustrates.

c. Experiment C

Lee and Wurman (2005), Knaff et al. (2011), and

WW13 showed that for a given maximum tangential

wind speed, a central pressure minimum was relatively

insensitive to variations in a single vortex’s vortex radius

at which the maximum occurs. This insensitivity raises

an important question about whether the vortex radius

variation affects a central pressure minimum when a

primary (tornado) vortex is centered within a secondary

TABLE 2. Central primary (PDp, hPa) and secondary (PDs, hPa) pressure minima and relative contributions (%) of PDp and PDs to the

total central pressure deficits (PDT , hPa) for eight experiments (A–H). A horizontal arrow represents a change in parameter values (from

lightface to boldface numbers). A symbol D represents a difference in the central pressure deficit (hPa) when the change in parameter

values occurs. Note that the percentage (%) is calculated as 1003PDp/PDT for the primary vortex and also 1003PDs/PDT for the

secondary vortex.

Primary vortex Secondary vortex

Expt PDp D % PDs D % PDT D

A 2108 0 88 215 0 12 2123 0

B 2108 / 2117 29 88 / 74 215 / 241 226 12 / 26 2123 / 2158 235

C 2117 / 2126 29 74 / 71 241 / 251 210 26 / 29 2158 / 2177 219

D 2117 / 2117 0 74 / 74 241 / 241 0 26 / 26 2158 / 2158 0

E 2117 / 2118 21 74 / 56 241 / 292 251 26 / 44 2158 / 2210 252

F 2117 / 2122 25 74 / 67 241 / 262 221 26 / 33 2158 / 2184 226

G 2117 / 2228 2111 74 / 81 241 / 253 212 26 / 19 2158 / 2281 2123

H 213.7 / 214.4 20.7 72 / 56 25.4 / 211.2 25.8 28 / 44 219.1 / 225.6 26.5

TABLE 3. Assessment of the magnitudes of three individual

centrifugal force terms (m s22) associated with the primary (sec-

ondary) Rankine tangential velocity maximum at r5Rpx (Rsx),

using the selected parameters in Table 1 for experiment A.

At r5Rpx At r5Rsx

V2
p

r

V2
px

Rpx

5 50:00
V2

pxR
2
px

R3
sx

5 0:05

VpVs

r

VpxVsx

Rsx

5 1:25
VpxVsxRpx

R2
sx

5 0:13

2VpVs

r

2VpxVsx

Rsx

5 2:50
2VpxVsxRpx

R2
sx

5 0:25

V2
s

r

V2
sxRpx

R2
sx

5 0:03
V2

sx

Rsx

5 0:31
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(mesocyclone) vortex. To answer the question, we ran

another experiment (experiment C) in which the pri-

mary and secondary wind structures remained un-

changed (Table 1), except that the secondary vortex is

contracted by halving Rsx (horizontal, magenta arrow

in Fig. 5a). For a given secondary tangential velocity

maximum (Vsx), the decrease in Rsx decreases the

central PDT from 2158 to 2177 hPa (Table 2), re-

ducing the pressure by 19 hPa. The primary (second-

ary) vortex’s central pressure minimum falls slightly

from 2117 to 2126 hPa (241 to 251 hPa), as a com-

parison between the red (blue) solid and dashed curves

in Fig. 5b illustrates. When the secondary vortex has

contracted to the small vortex size, the secondary

vortex contributes slightly more to the total central

pressure deficit than the primary vortex does. The

striking feature in Fig. 5b is that pressure decreased

(increased) everywhere to the left (right) of a vertical

dashed line located at approximately r5 0.62 km. The

line separates one region where RPGFP is dominant

from the other dominant region of RPGFs. Apparently,

the secondary vortex’s centrifugal acceleration com-

ponent is increased by shifting the pointed curves from

r5 2 to r5 1 km, when comparing between Figs. 4c and

5c. For given values of Vpx and Vsx, the central pressure

minima in the dual-vortex composite appear to be

relatively sensitive to variations in the secondary vor-

tex’s vortex radius only when the primary vortex’s wind

and pressure structures remain unchanged.

d. Experiment D

In the last paragraph, we demonstrated that only the

secondary vortex was displaced inward toward the vor-

tex center, while, at the same time, the primary vortex’s

position remained fixed. Now, we conduct another ex-

periment (experiment D) by varying both the primary

and secondary vortex radii to determine whether the

change in vortex radii can impact a central pressure

minimum. If we reduceRpx andRsx (Table 1) by one-half

(i.e., Rpx 5Rpx/2 and Rsx 5Rsx/2), then the primary and

secondary vortex radii contract, as indicated by the small

and large magenta arrows connecting the pointed pro-

files of Vp and Vs (dashed curves) to those (solid curves)

in Fig. 6. It is evident that for given values ofVpx andVsx,

the central pressure minima (PDp, PDs, PDT) are

identical (Table 2), because the minima are relatively

insensitive to variations in the vortex radii whereVpx and

Vsx occur. However, the pressure increased everywhere

beyond the vortex center.

e. Experiment E

Based on proximity radar observations of tornadoes

by mobile, high-resolution Doppler radars, the modified

FIG. 4. As in Fig. 3, but (a) with the magenta arrow showing that

Vs has increased from 25 to 50m s21 with the blue (black) solid and

dashed Vs (VT) curves for experiment B. (b) The solid and dashed

curves are indicated when the arrow shows which parameter was

varied in (a). The radial distribution of theRankine pressure deficit

(PDR) deduced from the Rankine tangential wind speed (red

curve) is indicated by a gray curve for comparison. In (a) and (b),

the dashed curves are identical to the solid curves in Figs. 3a and 3b.

(c) Solid curves represent radial pressure gradient forces and

dashed curves represent centrifugal forces. The gray and green

dashed curves represent the primary (V2
p /r) and secondary (V2

s /r)

centrifugal forces, respectively. The purple dashed curve repre-

sents the enhanced (VpVs/r) centrifugal force. Note that the color

curves in (c) correspond to the solid curves in (a) and (b). Vertical

dashed lines at r5Rpx and Rsx are removed.
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Rankine tangential winds approximated the outer radial

profiles of tangential velocities outside the radius of

maximum winds, using V } rmo, where mo 520:66 0:1

(Wurman and Gill 2000; Wurman 2002; Wurman and

Alexander 2005). Kosiba et al. (2014) suggested that the

outer modified the Rankine tangential winds outside the

radius of maximum winds (mo 520:86 0:1) on the basis

of lidar Doppler velocity and anemometer data. Kato

et al. (2015) usedwind speed and directionmeasurements

from anemometer data to fit to outer tangential wind

profiles in a modified Rankine vortex (mo 520:56 0:1).

Now, we begin to explore the role of the decay pa-

rameter (mso) in influencing the outer profile of the ve-

locity beyondRsx, where a change in mso is illustrated for

experiment E (Table 1 and Fig. 7). A decrease in mso

FIG. 5. As in Fig. 4, but for experiment C. In (b), the vertical dashed

line is described in text.

FIG. 6. As in Fig. 4, but for experiment D.
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produces a slow decrease in Vs with increasing radius.

Also, the decay parameter affects the outer profile of

RPGFs that corresponds to the outer Vp and Vs profiles,

which is responsible for increasing the PDs pressure def-

icit without affecting the PDp profile appreciably. The

decay parameter can greatly affect a central pressure

minimum associated with the secondary vortex, because

the quantity being integrated with respect to t [Eqs. (7c)

and (7d)] to get a large central pressure minimum in

association with the secondary vortex is greater than

that associated with the primary vortex. The secondary

vortex’s central pressure minimum, for instance, dramat-

ically falls from 241 to 292hPa, whereas the primary

vortex’s central pressureminimum insignificantly decreases

from 2117 to 2118hPa (Table 2). Concurrently, the total

central pressure minimum (PDT) significantly decreases

from 2158 to 2210hPa. The contribution of the decrease

in mso to the central PDT increased from 26% to 44%.

f. Experiment F

The azimuthal profile of the Doppler velocities

(Fig. 2) reveals that there are two types of tangential

velocity segments straddling the velocity maximum:

1) sharply peaked and 2) broadly peaked. To demon-

strate how l changes the radial width of the velocity

segment in association with the secondary vortex, we

conducted another experiment (experiment F) by in-

creasing ls from 0.01 to 0.5 (Table 1). Such an increase

transforms the sharply peaked profile of the secondary

Rankine tangential velocity into a broadly peaked

profile of the secondary non-Rankine tangential ve-

locity (Fig. 8). Concurrently, the change in ls causes

the secondary pressure deficit PDs to deepen, thereby

contributing to the magnitude of PDT . Also, the tran-

sition does not change the magnitude of PDp appre-

ciably (Table 2).

The salient feature in Fig. 8c is the change from the

sharply to the broadly peaked profiles of centrifugal

forces in association with the transitioning secondary

vortex, when compared with Fig. 4c. The vertical dashed

line is slightly shifted from 0.9 to 0.75 km. Contributions

in calculated percentages and values of PDp and PDs to

PDT for experiment F are tabulated in Table 2.

g. Experiment G

In the examples presented thus far, we have shown how

the l parameter modifies the velocity segment of the

secondary tangential velocity, which, in turn, alters the

pressure deficit structure. A key question to be addressed

is: What would happen to a central pressure minimum if

the primary Rankine wind structure is changed into a

primary non-Rankine wind structure, while, at the same

time, the secondary Rankine wind structure remains

unchanged? In experiment G, we chose to change lp

from 1022 to 1 in the primary tangential velocity profile,

while keeping other primary input parameters constant

(Table 1 and Fig. 9). The resultant broadly peaked tan-

gential velocity profile and corresponding centrifugal

forces in association with the non-Rankine primary vor-

tex have a larger central pressure deficit, compared to

that associated with the Rankine vortex (red, solid curve

FIG. 7. As in Fig. 4, but for experiment E.
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in Fig. 4b). Furthermore, the maximum radial pressure

gradient associated with the primary vortex inside Rpx is

shifted toward the radius where the primary centrifugal

force maximum occurs.

h. Experiment H

In the last several subsections, we have discussed the

influences of larger-scale, secondary vortex variability on

tornado pressure minima when the primary (tornado)

vortex’s wind structure remained unchanged. Now, we

reverse all the previous experiments A–G by stating that

in another and final experiment H, a strongmesocyclone

is now the primary vortex and a weak tornado is now the

secondary vortex. In this experiment, we explore the

FIG. 9. As in Fig. 4, but for experiment G. In (a), a green rect-

angle illustrating the radial width of the tangential velocity profile

straddling the velocitymaximum is enlarged for ease of readability.

FIG. 8. As in Fig. 4, but for experiment F.
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effects of smaller-scale vortex variability on tornado

pressure minima when the tornado, as a smaller-scale,

separate vortex, is centered within the steady-state

mesocyclone. Tanamachi et al. (2013) described the

collection of high-resolution, W-band Doppler radar

data in a sub-tornado-strength, convective vortex

(SCV) that occurred near Prospect Valley, Colorado,

on 26 May 2010 as part of the Second Verification of

the Origins of Rotation in Tornadoes Experiment

(VORTEX2; Wurman et al. 2012) field campaign. The

SCV never attained wind speeds meriting designation

as a tornado with a rating of EF0 on the enhanced

Fujita (EF) scale (McDonald et al. 2004; WSEC 2006),

but its vortex structure and evolution were suggestive

of a tornado.

We used combinations of one low-level mesocyclone

and two tornadoes having different velocity strengths

as listed in Table 1 for experiment H. When the SCV’s

tangential velocity peak was assumed to be 20m s21 at

its vortex radius of 100m, the radial distributions of the

tangential wind and pressure deficit in association with

the primary (mesocyclone) and secondary (SCV)

vortices, respectively, are indicated by the dashed

curves in Figs. 10a and 10b. The red dashed curve

showing PDp associated with the primary vortex may

represent a radial profile of relatively low pressure

(mesolow) in association with a mature mesocyclone.

The SCV’s central pressure minimum was25.4 hPa; at

the same time, the primary vortex’s central pressure

minimum was 213.7 hPa. The total central pressure

minimum was 219.1 hPa. Brooks (1949) found that

tornadoes were embedded in regions of relatively low

pressure whose horizontal scale was greater than that

of the tornado.

Suppose that the SCV intensified into an EF0 tornado

by increasing its maximum tangential wind up to 30ms21

(a magenta upward-pointing arrow in Fig. 10). Figure 10

presents the resultant profiles of tangential wind, cen-

trifugal forces, and central pressure deficits in association

with the primary and secondary vortices. The secondary

vortex’s central pressure deficit (PDs) is211.2hPa (solid

blue curve in Fig. 10b), compared to the single Rankine

vortex’s central pressure deficit (PDR 5 29hPa; gray

curve) that the single Rankine vortex would have in the

absence of the secondary vortex. This implies that in

Table 2 the intensifying secondary vortex contributes

211.2hPa, or about 44% of the total central pressure

deficit (PDT 5225.6hPa). Simultaneously, the second-

ary vortex reduces the unchanged primary vortex’s

contribution from 72% to 56%. Additionally, the right

half of the narrow V-shaped profile (blue, solid curve)

of the tornado pressure minimum is embedded within

the right half of the large, bowl-shaped pressure deficit

profile (red, solid curve) of the low-level mesocyclone

between the vortex axis and several kilometers from

the axis. The PDT distribution (black, solid curve) re-

sulting from the combined profiles of PDp and PDs bears

resemblance to a surface pressure record during an intense

tornado cyclone passage (e.g., Brooks 1949; Davies-Jones

1986) and also during a supercell, low-level mesocyclone

passage (Karstens et al. 2010).

FIG. 10. As in Fig. 4, but for experiment H.
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The centrifugal force associated with the transition-

ing secondary vortex is dominant between the vortex

center and r; 0.4 km (vertical dashed line in Fig. 10c).

Beyond that radius, the secondary centrifugal force

rapidly decreases to zero asymptotically, whereas the

primary vortex’s centrifugal force increases slowly up

to Rpx and then decreases to zero asymptotically to the

radial infinity.

7. Summary and discussion

The Wood and White (2013) parametric tangential

wind profile model supplemented with cyclostrophic

balance and quasi-steady-state assumptions offers a di-

agnostic tool for depicting tangential wind and deducing

pressure deficit structures in a primary vortex (e.g.,

tornado) centered within a secondary vortex (e.g., me-

socyclone) above the tornado boundary layer. Both

vortices were assumed to be concentric and axisym-

metric, thus facilitating a simple mathematical analysis

using the Rankine and non-Rankine vortex models. The

partitioned cyclostrophic wind equations allowed us to

analyze and determine the effect of one varying segment

of the tangential wind profile on the deduced pressure

deficit structures. The main conclusions of this study are

as follows:

1) A change in one key velocity-controlling parameter

that shapes a segment of the tangential wind profile

in a tornado (mesocyclone) vortex yields significant

contributions to the total central pressure deficit,

even though the mesocyclone (tornado) vortex’s

tangential wind structure remains unchanged.

2) In all experiments except for experiment H, the

largest VpVs/r term at r5Rpx is less than the largest

V2
p/r term but greater than the largest V2

s /r term.

Conversely, the largest VpVs/r term at r5Rsx is

greater than the largest V2
p/r term but less than the

largest V2
s /r term. In experiment H where a strong

mesocyclone is now the primary vortex and a weak

tornado is now the secondary vortex, the orders of

magnitude of the largest VpVs/r term comparable to

the largest V2
p/r and V2

s /r terms at r5Rpx and Rsx are

now opposite.

3) Compared to the central pressureminimumof a single

tornado alone, a strong tornado centered within a

parent mesocyclone has a larger central pressure

deficit, as demonstrated in experiments A–G. On

the other hand, a weak tornado in its developing stage

embedded in a strong, steady-state mesocyclone, as

shown in experiment H, experiences a larger central

pressure deficit. It is suggested that the ‘‘observed’’

central pressure deficit due to the tornado alone may

be overestimated.

The relative contribution of the parent mesocyclone

to the low pressure at the center of a tornado is un-

known. The significance of this analytical study is that

one can isolate the impacts of the mesocyclone and the

tornado and thus gain an understanding, in a variety of

situations, of the relative contributions of each to the

tornadoes’ minimum pressure. Although our para-

metric model, complemented with cyclostrophic bal-

ance and quasi-steady-state assumptions, is quite

useful for understanding the variability in the tan-

gential velocity and deduced pressure deficit fields for

the given range of input parameters, our knowledge,

scrutiny, and interpretation of the effects of larger-

scale vortex variability on tornado pressure minima

are hypothetical, owing to the limited utility of the

parametric model and also to the lack of in situ wind

and pressure data from real tornadoes that would be

most helpful for validating the model representation.

It is recommended that a credible investigation of the

model representation be involved using ultra-high-

resolution numerical model output (e.g., Lewellen

2014 or Orf et al. 2014) of the wind and pressure fields

in a tornado-like vortex centered within a larger-scale,

background vortex.

Accurate estimates of real-life tornado wind speed

maxima and pressure minima are very difficult to

measure, owing to several factors. First, estimates of

near-ground wind speed peaks and central pressure

minima provided by Davies-Jones and Kessler (1974)

are based mostly on damage and thus have a large

degree of uncertainty given known complexities in

estimating wind speed from damage (Doswell et al.

2009). Second, the tornadoes change intensity quite

rapidly and are not necessarily steady state (Bluestein

2013). Also, they have very complex structures such as

wind asymmetries, multiple vortices, vortex break-

down, turbulent boundary layers, transient phenom-

ena, etc. Additional pressure deficits could be

associated with a different vortex structure, deviations

from cyclostrophic balance (e.g., Wakimoto et al.

2003), or, to a lesser extent, to the asymmetric part of

the wind field (e.g., Bluestein et al. 2003). Wurman

et al. (2007) showed that different tornadoes have

substantially different tangential wind field structures,

and both the horizontal and vertical distributions of

winds differed markedly from one tornado to another.

Third, the sampling frequency of deployable in-

strumentation within close range of an intercepted

tornado (e.g., Karstens et al. 2010) was critical in de-

termining whether true pressure deficit and maximum

winds were captured. High (low) frequencies in the

sampling would sufficiently (inadequately) resolve the

characteristics of a tornado if the tornado’s vortex
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passed directly over or nearby in situ probes. It is

possible that some pressure deficit measurements were

erroneous as a result of instrument damping and slug-

gish responses (Davies-Jones 1986), because pressure

gradients were very intense in tornadoes. Fourth, sur-

face roughness can make recorded velocity and pres-

sure data near the intercepted tornado more difficult to

interpret, because surface roughness significantly af-

fected the near-surface turbulence (Karstens et al.

2010). Fifth, it is not straightforward to surmise thee

vortex structure by scrutinizing the shape profiles of

recorded pressure drops, because the current genera-

tion of in situ probes, in our belief, is lacking the spa-

tiotemporal resolution for investigators to effectively

disengage the exact pressure deficit contributions from

vortices of different scales.

Anemometers are typically mounted in an exposed

position and are therefore more susceptible to failure

in tornadoes than are hardened barometers that mea-

sure the dynamic pressure change due to airflow. State-

of-the-art observing systems with the capacity to measure

the surface layer of intercepted tornadoes typically

measure pressure (e.g., Bluestein and Golden 1993;

Schroeder and Weiss 2008; Weiss and Schroeder 2008;

Karstens et al. 2010) rather than wind speed, with a few

exceptions (Bedard and Ramzy 1983; Wurman et al.

2012). The same is true of current instruments that take

meteorological measurements at heights corresponding

to the intercepted tornadoes’ inertial layer [e.g., drones,

radiosondes, pitot tubes on aircraft; Elston et al. (2015)].

As a result, formulating any analytical or parametric

model (such as the one in this study) in terms of pressure

field allows for more straightforward comparison with

anticipated future observations.
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